Assuming that 1 -dimensional self-assembly nanotubes can be represented as a 1dimensional cavity-type black-body radiator of length L and radius r in thermal equilibrium at a temperature T, analytical expressions for the thermal radiative and thermodynamic functions of the emitted black-body radiation are obtained in the finite spectral range of the electromagnetic spectrum. The total energy density, the Stefan-Boltzmann law, the number density of the photons, the Helmholtz free energy density, the entropy density, the heat capacity at constant volume, and the pressure are expressed in terms of the polylogarithm functions. In the frequency range 0.05 -0.19 PHz, the thermal radiative and thermodynamic functions of the 1 -dimensional black-body radiation at different temperatures are calculated. To confirm our assumption, it is necessary to measure the total energy density in the direction L in the finite frequency range 0.05 -0.19 PHz, using a single nanoparticle mass spectrometer (SNMS) or other optical devices.
Introduction
It is well-known that some materials at nanoscale ranges have the unique ability to selfassemble into organized structures creating 1, 2 and 3 dimension systems [1, 2, 3] .
One-dimensional nanomaterials (1D) have one dimension that is outside the nanoscale (<100 nm) range. This means that there are two dimensions are at the nanoscale and one dimension at the microscale. Typical examples of one-dimensional nanomaterials are nanotubes, nanorods, and nanowires. Unlike bulk materials, reducing the size of the materials to the nanoscale range will affect the optical, electrical, and magnetic behavior of the materials.
The field of 1-dimensional nanostructured materials, such as nanotubes, in recent years has attracted considerable attention of many researchers because of their simplicity in preparation and improved catalytic properties compared to bulk materials [3, 4, 5] . These materials include 1dimensional carbon nanotubes. A unique feature of carbon nanotubes is used for the manufacture of LEDs [6, 7] and photodetectors [8] .
In [9] , the thermal radiative and thermodynamic properties of 1-dimensional blackbody radiation in a semi-infinite frequency range (
were studied. However, as was noted in [10] [11] [12] [13] for practical applications, thermal radiative and thermodynamic functions must be obtained in a specific finite range of the spectrum of thermal radiation. Currently, there are no detailed studies in the existing literature related to the construction of thermal radiative and thermodynamic functions of 1-dimensional blackbody radiation in a finite frequency range (wavelength, wave number) of the spectrum (
This paper is devoted to a detailed study of the thermal radiative and thermodynamic functions of 1-dimensional black-body radiation in a finite range of a spectrum at various temperatures.
Analytical expressions for the total energy density, the Stefan-Boltzmann law, the number density of the photons, the Helmholtz free energy density, the entropy density, the heat capacity at constant volume, and the pressure are obtained. The thermal radiative and thermodynamic functions of 1dimensional black-body radiation are calculated in the frequency range 0.05 -0.19 PHz at various temperatures. The possibility of applying the obtained results to measurements of 1-dimensional thermal radiative and thermodynamic functions for carbon nanotubes is discussed.
General expressions of the thermal radiative and thermodynamic functions of 1dimensional black-body radiation in specific spectral ranges
Let us consider a 1-dimensional cavity-type black-body radiator of length L and radius r (L >> r) in thermal equilibrium at temperature T. Carbon nanotubes are as examples of an unique 1dimensional radiator which can be envisioned as rolled single sheets of graphite or graphene. The diameter typically varies in the range 0.4-40 nm, but the length can vary from 0.14 nm to 55.5 cm [14] .
In [15, 16] , it was shown that a carbon nanotube itself emits thermal radiation in 3-D space very close to a black-body. However, a carbon nanotube has a hollow nanostructure with 1-D free space inside. Therefore, it is interesting to study the thermal radiative and thermodynamic properties of black-body radiation emitted from the 1 -dimensional black-body radiator at various temperatures. In this case, to obtain expressions for the thermal radiative and thermodynamic functions, we should use the 1-dimensional Planck formula for blackbody radiation.
Below, the thermal radiative and thermodynamic functions of black-body radiation emitted from of 1-dimensional cavity-type black-body radiator are obtain. To confirm our results, measurements using a single nanoparticle mass spectrometer (SNMS) [17] or other optical devices are necessary.
Partial Thermal radiative functions of 1-dimensional black-body radiation
The spectral energy density of 1-dimensional black-body radiation at temperature T is given by the generalized Planck radiation law [9, 18]  
where T denotes the black-body temperature, h and kB are the Planck and Boltzmann constants, respectively. c is the speed of light.
According to Eq. (1), the total energy density over a finite range of frequencies is defined as
By computing the integral in Eq. (2), we obtain
is the polylogarithm functions [19] .
The constant
is the 1-dimensional radiation density constant in a finite range from 12 to xx . In the semi-infinite range, we have The generalized 1-dimensional Stefan-Boltzmann law takes the form,
where 
By computing the integral in Eq. (8), we have
2 Thermodynamics of 1-dimensional black-body radiation in a finite range of frequency
Let us now construct the thermodynamics of 1-dimensional black-body radiation in a finite range of frequency.
(1) Helmholtz free energy density:
Helmholtz free energy density can be presented in the form [9] ,
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By computing the integral in Eq. (11), we obtain
where 12 1 2
In the semi-infinite range of x, we obtain:
. 3
The entropy density has the following structure:
where 12 1 2 1 1 1 2
In the semi-infinite range of x,
(3) Heat capacity at constant volume per unit volume:
For the heat capacity at constant volume per unit volume, we have
where 12 22
(4) Pressure: 11 pf  .
Results and Discussion
The calculated values of 12 
( , )
A x x , 12 ( , )
as a function of x1 and x2 in the general expressions for thermal radiative and thermodynamic functions are presented in Table 1 . The range of values x1 and x2 was chosen to exclude only the length of the manuscript.
In Table 2 , Table 3, and Table 4 , the calculated values of thermal radiative and thermodynamic functions of 1 and 3-dimensional black-body radiation are presented in the frequency range 0.05 -0.19 PHz at T1 = 298 K, T2 = 1273 K, and T3 = 2273 K. This frequency range was chosen for calculation, since a single nanoparticle mass spectrometer uses this interval for measurement.
As can be seen from Tables 2-4 , the values for 3-dimensional thermal radiative and thermodynamic functions are significantly higher than for 1-dimensional functions.
For example, the 3-dimensional value for the total energy density at a temperature T = 2273 K is   According to Table 4 , the 1-dimensional calculated value for the total energy density at a temperature T = 2273 K is   It should be noted that the obtained analytical expressions for the thermal radiative and thermodynamic functions of the 1-dimensional black-body radiation can be easily transformed to the wavenumber ( ṽ ) or wavelength (  ) domains. In these cases, we should use the following
The arbitrary variable x in the expressions for thermal radiative and thermodynamic functions of the 1-dimensional black-body radiation can be represented in all three domains as follows:
The relationship between integrals in the finite spectral range for different domains is defined as:
As seen, the results of these integrals are identical because any variable substitution does not affect the value of the calculated integral. Thus, the solution is independent on the choice of the domain.
Therefore, all analytical expressions for thermal radiative and thermodynamic functions of the 1-dimensional black-body radiation, obtained above, have the same structure for the wavenumber and wavelength domains.
Note that using different domains produce the same results, because it represents the same physical quantity. This means that the calculated values presented in Tables 2-4 are valid for different domains.
Conclusions
The analytical expressions for the thermal radiative and thermodynamic functions of the 1- Table 1 . The total energy density, the Stefan-Boltzmann law, the number density of the photons, the Helmholtz free energy density, the entropy density, the heat capacity at constant volume, and the pressure of the 1dimensional blackbody radiation are calculated in a finite range of frequencies from v1 = 0.05 PHz to v2 = 0.19 PHz at T1 = 298 K, T2 = 1273 K, and T3 = 2273 K and the results are presented in Tables 2-4 . A comparative analysis of these functions with three-dimensional blackbody radiation is carried out.
The possibility of measuring the calculated values of the thermal radiative and thermodynamic functions of 1dimensional black-body radiation for carbon nanotubes using optical devices is indicated.
In conclusion, it is important to note that the results obtained in this article can be used when considering black-body radiation from any materials with hollow 1dimensional space as well as with hollow nanostructured metals, such as a novel class of plasmonic nanostructures.
There are several classes of 2-dimensional nanomaterials for which it seems desirable to construct the thermal radiative and thermodynamic functions of 2-dimensional blackbody radiation. These 2-dimensional nanomaterials are: a) graphene; b) nanofilms; c) nanolayers; and d) nanocoatings.
These and other topics will be points of discussion in subsequent publications. Table 4 Calculated values of the thermal radiative and thermodynamic functions of 3 and 1dimensional black-body radiation in the frequency range 0.05 -0.19 PHz at T = 2273 K.
